Abstract As part of the EU-sponsored MACOBS (Monitoring and Control of Bulking Sludge through Molecular Probe Assays) project, the size and the composition of the filamentous population in 73 industrial activated sludge plants, were investigated. The inventory included plants in Denmark, Germany, Italy and The Netherlands. Large filamentous populations were present in about 60% of the plants, which means that bulking of activated sludge, which is no longer a serious problem in modern domestic nutrient removal plants, still occurs frequently in industrial treatment plants. The filamentous micro-organisms present were identified/described by "traditional" methods, based on their morphological features and several staining techniques, and by the application of molecular probes (FISH: Fluorescent In Situ Hybridisation). Nine species specific probes were available when the project started, nine new probes have been developed during the project. Fifty nine different filamentous species were observed in the samples, including ca. 40 species that have not been described so far. The unknown species are denoted as Type Ind-1, 2, 3, etc. Probes are now available for the identification of about 17 species. Further research aimed at developing additional probes will be necessary in order to establish which species distinguished provisionally are identical, viz. morphotypes of the same filamentous organism.
Introduction
Filamentous bulking of activated sludge in domestic plants has been extensively investigated. More than 30 different filamentous micro-organisms, principally bacteria, have been observed in domestic WTPs (Eikelboom, 1975; Lemmer and Lind, 2000) . Strategies to control an excessive growth of most "domestic filaments" have been developed during the last decades (Eikelboom, 2000; Wanner, 1997) , which implies that bulking is no longer a serious problem in most modern domestic activated sludge plants.
On the other hand, reliable information concerning the filamentous population in industrial wastewater treatment plants (WTPs) was still largely lacking at the start of the MACOBS* project. It was aimed for in this project to develop molecular tools for the detection and identification of filamentous bacteria in industrial WTP's. As part of this project, the filamentous species observed in industrial plants were identified by "conventional" methods, based on their morphological features and the results of several staining methods. The samples were also screened for filamentous bacteria with molecular probes (FISH), available at the start or developed during the project. The results have been used to compile a filament catalogue of filamentous species occurring in industrial WTPs (Eikelboom and Geurkink, 2001) . A summary of the results is presented in this paper.
Methods
During the first months of the project, 68 industrial sludges, originating from Denmark, Germany, Italy and The Netherlands, were screened for filamentous bacteria. Next, the populations in eight plants were monitored for 6-8 months. Sludges were sampled twice a month.
The "conventional" identification method applied is based on the morphological features of the filaments, staining according to Gram and Neisser and the results of the sulphur deposit test. Eleven features were assessed for distinguishing the filamentous species from each other (Eikelboom, 2000) : (1) shape and length of the filaments, (2) diameter of the filaments, (3) motility, (4) branching present, (5) attached growth of other bacteria to the filaments, (6) septa between adjoining cells (visible or not visible), (7) shape of the cells, (8) presence or absence of a sheath, (9) granules of stored compounds, sulphur granules in particular, inside the cells, (10) Gram stain and (11) Neisser stain.
The Filament Index (FI) was used for recording the size of the filamentous populations. The scale ranges from 0 (filaments absent) to 5 (excessive numbers of filaments).
It turned out that many unknown filamentous species, viz. morphotypes were present in the industrial sludges. Type numbers (Type Ind-1, Type Ind-2, etc.) have been introduced to indicate these unknown filamentous micro-organisms. The other numbers and names mentioned in this paper refer to known filamentous species, viz. micro-organisms that were described before (Eikelboom, 1975; Lemmer und Lind, 2000) .
The probes that were available at the start of the project are mentioned in Table 1 . Based on the 16S rRNA sequences published by Bradford et al. (1996) , probes were designed for the identification of the Eikelboom Types 0411, 0092 and 0803. Probe 0411-654 proved to be suitable for the identification of Type 0411, no or only weak hybridisation signals were obtained with the probes designed for the Types 0092 and 0803. During the project, nine probes that detect different filamentous species were developed, the test results with these new probes are incorporated in this paper. The reader is referred to the main report of the Macobs project for detailed information about the methods applied and the results obtained with molecular detection methods (Waarden, v.d. et al., 2001) .
Results
In Table 2 the division of the samples over the six FI classes is presented (screening programme). Many filaments (FI ≥ 3) were present in 59% of the samples, which implies that bulking still frequently occurs in activated sludge plants treating industrial wastewater.
In Table 3 the number of sludge's with a FI ≥ 3 is presented per industrial branch. In WTPs from "meat", "textile" and "tannery" the FIs were low compared with the other Some examples of the species observed are given in the Figures 1-8. In Table 4 it is mentioned for which species positive hybridisation signals were obtained with probes available at the start or developed during the MACOBS project.
Discussion
Fifty nine filamentous species/morphotypes were observed during the screening (68 WTPs) and monitoring (8 WTPs) of industrial activated sludge plants. This number includes ca. 40 morphotypes that have not been described in the literature so far. Species included in a given group resemble each other, which implies that photos, and sometimes even probes, might be indispensable for distinguishing them from each other.
The identification method applied in this survey is primarily based on (1) the morphological features of the filaments, (2) the Gram and Neisser staining and (3) the results of the sulphur deposit test. It is known that these characteristics may vary somewhat, depending on the conditions in the plants from which the samples originated. So, it is possible that some of the "morphotypes" listed in the same group are strongly related to each other or even growth forms of a given species. Further research, with molecular techniques, will be necessary to ascertain which morphotypes belong to the same species. There is no evidence, however, to support the assumption that morphologically completely different species can be transferred from one another by altering the growth conditions.
It was expected at the start of the MACOBS project that unknown filamentous species would occur in industrial activated sludge plants. The partners in this project were, however, completely surprised by the large number of "new" species. As the monitoring programme included only eight WTPs, it can be expected that a long term investigation of the filamentous population in a larger group of plants will result in even more unknown species.
Bulking of activated sludge in a domestic plant is usually caused by the massive proliferation of only one or two filamentous species. In many industrial sludges, however, large populations of 2-4 filamentous species were simultaneously present. This explains why a FI ≥ 4 for a specific species was not so often recorded (Table 4) . It is evident that bulking of activated sludge in industrial WTPs is even more complicated than was known/supposed at the start of the MACOBS project. The fact that so many different species are involved, and might occur simultaneously, complicates bulking control very much.
Most filamentous species could not be related to a specific wastewater; negative correlations only were occasionally determined (e.g. the groups A and B were completely missing in WTPs treating dairy wastewater). FISH analysis seems to be a nice tool for filament identification and is sometimes strongly recommended by molecular biologists for routine control of activated sludge plants. Probes are now available for about one-third of the filamentous species observed so far in industrial activated sludge plants. For about 40 species listed in Table 4, probes are not yet available, however. The question arises where this "story" will end. From recently published papers (e.g. Kanagawa et al., 2000) it is concluded that a given morphotype might represent several species, which can only be distinguished from each other by the application of specific probes. Consequently, it seems likely that numerous probes will be needed in the end for an accurate description of the filamentous population in a sample of unknown composition. This is of course not very practicable. FISH without a preceding rapid screening, to establish which probes must be applied for confirmation of the results, is a dead-end road. Other techniques like Q-PCR or DNA-chips are needed to allow routine monitoring by molecular methods of microbial populations in WTPs.
